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) 400

420
r

Sensing, with a sensor, the voltage of the battery

+ 430

Comparing, with a processor, the voltage of the
battery with a preset voltage for the battery

+ 40

Switching, with switch logic, a very low resistance
non-electromagnetic actuator (NEA) switch to an open
position to disconnect the battery from a bus circuit and
switching, with the switch logic, a low resistance relay
switch to connect the battery to a dedicated charging
circuit, when the processor determines that the voltage of
the battery is below the preset voltage

+ 450

Switching, with switch logic, the relay switch to connect
the battery to the bus circuit, when the processor
determines that the voltage of the battery exceeds the
preset voltage

460

410
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End
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Sensing, with a sensor, the voltage of the battery
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Comparing, with a processor, the voltage of the
battery with a preset voltage for the battery

/ s 840

Switching, with switch logic, a bus circuit switch to disconnect
the battery from a bus circuit when the processor determines
that the voltage of the battery is below the preset voltage
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Sensing, with a temperature sensor, the
temperature of the battery

] 960

Comparing, with a processor, the temperature of the
battery with a threshold temperature for the battery

Switching, with switch logic, a second thermal switch to disconnect the
battery from a dedicated power source, and switching, with the switch
logic, a first thermal switch to connect a battery heater to the dedicated
power source, when the processor determines that the temperature of
the battery is below the threshold temperature

Switching, with switch logic, a first thermal switch to disconnect the
battery heater from the dedicated power source, and switching, with the
swiltch logic, the second thermal switch to connect the battery to the
dedicated power source, when the processor determines that the
temperature of the battery exceeds the threshold temperature

Y 890

FIG. &8 End




US 9,368,983 B2

1
AUTONOMOUS LITHIUM-ION BATTERY
PROTECTION

FIELD

The present disclosure relates to battery protection. In par-
ticular, it relates to autonomous lithium-ion battery protec-
tion.

BACKGROUND

Currently, spacecraft control algorithms are used to pre-
vent complete discharge of the spacecraft batteries. However,
in the past, failure of these protection algorithms has allowed
the spacecraft batteries to become completely discharged,
such that they may become damaged.

SUMMARY

The present disclosure relates to an apparatus, system, and
method for autonomous lithium-ion battery protection. Inone
or more embodiments, an autonomous regulation method for
a battery is disclosed. The disclosed method involves sensing,
with a sensor, the voltage of the battery. The method further
involves comparing, with a processor, the voltage of the bat-
tery with a preset voltage for the battery. In addition, the
method involves switching, with switch logic, a very low
resistance non-electromagnetic actuator (NEA) switch to an
open position to disconnect the battery from a bus circuit and
switching, with the switch logic, a low resistance relay switch
to connect the battery to a dedicated charging circuit, when
the processor determines that the voltage of the battery is
below the preset voltage. Further, the method involves
switching, with the switch logic, the relay switch to connect
the battery to the bus circuit, when the processor determines
that the voltage of the battery exceeds the preset voltage.

In one or more embodiments, the dedicated charging cir-
cuit comprises at least a portion of a solar array. In at least one
embodiment, the portion of the solar array is at least one string
of solar cells. In some embodiments, the battery, the sensor,
the processor, the switch logic, the NEA switch, and/or the
relay switch are housed together in a single unit. In one or
more embodiments, the battery is on a spacecraft. In some
embodiments, the battery is a lithium-ion battery.

In at least one embodiment, an autonomous regulation
system for a battery is disclosed. The disclosed system
involves a sensor configured to sense the voltage of the bat-
tery. The system further involves a processor configured to
compare the voltage of the battery with a preset voltage for the
battery. In addition, the system involves switch logic config-
ured to switch a very low resistance non-electromagnetic
actuator (NEA) switch to an open position to disconnect the
battery from a bus circuit, and configured to switch a low
resistance relay switch to connect the battery to a dedicated
charging circuit, when the processor determines that the volt-
age of the battery is below the preset voltage. Additionally, the
system involves switch logic that is further configured to
switch the relay switch to connect the battery to the bus
circuit, when the processor determines that the voltage of the
battery exceeds the preset voltage.

In one or more embodiments, an autonomous regulation
method for a battery is disclosed that involves sensing, with a
voltage sensor, the voltage of the battery. The method further
involves comparing the voltage of the battery with a preset
voltage for the battery. Also, the method involves switching,
with switch logic, a bus circuit switch to disconnect the bat-
tery from a bus circuit when the voltage of the battery is below
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the preset voltage. In addition, the method involves sensing,
with a temperature sensor, the temperature of the battery.
Additionally, the method involves comparing the temperature
of the battery with a threshold temperature for the battery.

The method further involves switching a second thermal
switch to disconnect the battery from a dedicated power
source, and switching a first thermal switch to connect a
battery heater to the dedicated power source, when the tem-
perature of the battery is below the threshold temperature.
Further, the method involves switching the first thermal
switch to disconnect the battery heater from the dedicated
power source, and switching the second thermal switch to
connect the battery to the dedicated power source, when the
temperature of the battery exceeds the threshold temperature.
In at least one embodiment, the battery, the voltage sensor, the
temperature sensor, the switch logic, the bus circuit switch,
the first thermal switch, the second thermal switch, and/or the
battery heater are housed together in a single unit.

In at least one embodiment, an autonomous regulation
system for a battery is disclosed that involves a voltage sensor
configured to sense the voltage of the battery. The system
further involves a first processor configured to compare the
voltage of the battery with a preset voltage for the battery.
Also, the system involves switch logic configured to switch a
bus circuit switch to disconnect the battery from a bus circuit
when the first processor determines that the voltage of the
battery is below the preset voltage.

In addition, the system involves a temperature sensor con-
figured to sense the temperature of the battery. Additionally,
the system involves a second processor configured to com-
pare the temperature of the battery with a threshold tempera-
ture for the battery. The system further involves a second
thermal switch configured to disconnect the battery from a
dedicated power source, and a first thermal switch configured
to connect a battery heater to the dedicated power source,
when the second processor determines that the temperature of
the battery is below the threshold temperature.

Additionally, the first thermal switch is further configured
to disconnect the battery heater from the dedicated power
source, and the second thermal switch further configured to
connect the battery to the dedicated power source, when the
second processor determines that the temperature of the bat-
tery exceeds the threshold temperature. In one or more
embodiments, the battery, the voltage sensor, the first proces-
sor, the second processor, the temperature sensor, the switch
logic, the bus circuit switch, the first thermal switch, the
second thermal switch, and/or the battery heater are housed
together in a single unit. In some embodiments, the second
processor is the first processor (i.e. they are the same proces-
sor).

The features, functions, and advantages can be achieved
independently in various embodiments of the present inven-
tions or may be combined in yet other embodiments.

DRAWINGS

These and other features, aspects, and advantages of the
present disclosure will become better understood with regard
to the following description, appended claims, and accompa-
nying drawings where:

FIG. 1 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection with the switches
in the initial position for normal charging and discharging of
the battery, in accordance with at least one embodiment of the
present disclosure.

FIG. 2 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection with the switches
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in position for the battery being charged by a dedicated charg-
ing circuit, in accordance with at least one embodiment of the
present disclosure.

FIG. 3 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection with the switches
in position for normal charging and discharging of the battery
after the battery has been charged by the dedicated charging
circuit, in accordance with at least one embodiment of the
present disclosure.

FIG. 4 is a flow chart diagram of the disclosed method for
autonomous lithium-ion battery protection that follows the
switching process depicted in the system block diagrams of
FIGS. 1-3, in accordance with at least one embodiment of the
present disclosure.

FIG. 5 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection including a heater
for preheating of the battery for charging, where the switches
are in position for normal charging and discharging of the
battery, in accordance with at least one embodiment of the
present disclosure.

FIG. 6 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection including a heater
for preheating of the battery for charging, where the switches
are in position for the battery being preheated by the heater, in
accordance with at least one embodiment of the present dis-
closure.

FIG. 7 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection including a heater
for preheating of the battery for charging, where the switches
are in position for the battery being charged by the dedicated
power source, in accordance with at least one embodiment of
the present disclosure.

FIG. 8 is a flow chart diagram of the disclosed method for
autonomous lithium-ion battery protection that follows the
switching process depicted in the system block diagrams of
FIGS. 5-7, in accordance with at least one embodiment of the
present disclosure.

DESCRIPTION

The methods and apparatus disclosed herein provide an
operative system for autonomous lithium-ion battery protec-
tion. In one or more embodiments, the battery (or battery
pack) is on a spacecraft, such as a satellite. However, in other
embodiments, the battery may be employed in other devices
or vehicles, such as terrestrial devices or vehicles. Specifi-
cally, the system employs a protection circuit contained
inside of the battery (or battery pack) to autonomously dis-
connect the battery from the spacecraft if it is in danger of
being damaged through complete discharge.

The disclosed protection circuit includes internal logic,
autonomous switches and, in at least one embodiment, heat-
ers to protect the battery without any need for intervention of
spacecraft monitoring or control. The disconnect function is
fully autonomous and does not depend on any control or
activation signal from outside of the battery pack. The logic is
self contained within the battery pack, and does not depend on
external signals for activation or reconnections. The protec-
tion circuit uses one or more dedicated strings of solar array
cells to, in one or more embodiments, preheat, and to recharge
the battery. The protection circuit is completely self contained
in the battery with the only additional interface being for the
string(s) of the solar array cells that are used to provide
dedicated and reliable power to the system.

In the following description, numerous details are set forth
in order to provide a more thorough description of the system.
It will be apparent, however, to one skilled in the art, that the
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disclosed system may be practiced without these specific
details. In the other instances, well known features have not
been described in detail so as not to unnecessarily obscure the
system.

FIG. 1 is a block diagram of the disclosed system for
autonomous lithium-ion battery protection with the switches
120, 130 in the initial position for normal charging and dis-
charging of the battery 110, in accordance with at least one
embodiment of the present disclosure. In this figure, the sys-
tem 100 is shown to include a battery 110, a spacecraft bus
(i.e. abus circuit) 140, switch logic 150, a very low resistance
non-electromagnetic actuator (NEA) switch 120, a low resis-
tance relay switch 130, fuses 170, 175, diodes 180, 185, and
a solar array string that is dedicated to a low rate of recharge
(i.e. a dedicated charging circuit) 160.

In one or more embodiments, the battery 110 is a lithium-
ion battery. It should be noted that in some embodiments, the
system 100 employs a battery pack for the battery 110. In
addition, it should be noted that in one or more embodiments,
the system 100 employs at least a portion of a solar array for
the dedicated charging circuit 160. In some embodiments,
one or more strings of solar array cells are employed by the
system 100 for the dedicated charging circuit 160. In at least
one embodiment, the battery 110, the switch logic 150, a
processor (not shown), a sensor (not shown), the NEA switch
120, the relay switch 130, the fuses 170, 175, and/or the
diodes 180, 185 are housed together in a single protection
circuit unit. It should be noted that in some embodiments, the
processor (not shown) and the sensor (not shown) are
included in the switch logic 150.

During normal operation of the system 100, the battery 110
is connected to the bus circuit 140 to allow for charging and
discharging of the battery 110 through the bus circuit 140.
The configuration of the switches 120, 130 for normal opera-
tion is as shown in FIG. 1, where the NEA switch 120 is
closed, and the relay switch 130 is connected to ground,
which connects the battery 110 to the bus circuit 140. Also,
during normal operation of the system 100, the sensor (not
shown)is continuously sensing the voltage of the battery 110.
In addition, the processor (not shown) continuously compares
the sensed voltage of the battery 110 with a preset voltage for
the battery 110.

Once the processor (not shown) determines that the voltage
of'the battery 110 is below the preset voltage, the switch logic
150 switches the NEA switch 120 to an open position to
disconnect the battery 110 from the bus circuit 140, and the
switch logic 150 switches the relay switch 120 to connect the
battery 110 to the dedicated charging circuit 160. These
switch positions are illustrated in FIG. 2. In particular, FIG. 2
is a block diagram of the disclosed system 100 for autono-
mous lithium-ion battery protection with the switches 120,
130 in position for the battery 110 being charged by the
dedicated charging circuit 160. Once the switches 120, 130
have been switched, the dedicated charging circuit 160
recharges the battery 110 by providing a low rate of charge to
the battery 110. The fuse 170 limits the current flow to the
battery 110 to limit the charge rate to the battery 110, and the
diode 180 ensures that the current flows in the appropriate
direction, which is towards the battery 110.

Once the processor (not shown) determines that the voltage
of the battery 110 exceeds the preset voltage and, thus, the
battery 110 is sufficiently recharged, the switch logic 150
switches the relay switch 130 back to ground to reconnect the
battery 110 to the bus circuit 140 for normal charging and
discharging. These switch positions are illustrated in FIG. 3.
FIG. 3 is a block diagram of the disclosed system 100 for
autonomous lithium-ion battery protection with the switches



US 9,368,983 B2

5

120, 130 in position for normal charging and discharging of
the battery 110 after the battery 110 has been charged by the
dedicated charging circuit 160.

It should be noted that since the NEA switch 120 is an ultra
low resistance switch, it allows for nearly full performance of
the battery 110 during normal operation when the NEA
switch is in its normal closed position, as is shown in FI1G. 1.
However, the NEA switch 120 cannot be reset once it has
been switched out of its normal closed position. As such, the
relay switch 130 is used to restore normal operation of the
battery 110 after the battery 110 has been sufficiently
recharged. It should be noted that the relay switch 130 will
cause a drop in performance of the battery 110, but it will
allow the spacecraft operation to be restored.

In addition, it should be noted that some batteries have a
separate battery tap to facilitate bus short clearing on a sepa-
rate bus. In one or more embodiments, the disclosed system
100 may be extended to include that additional tap. In addi-
tion, it should be noted that the disconnect function, for the
disclosed system 100, may be implemented either on the
positive (high) side of the battery 110 or the ground (low) side
of the battery, depending upon the spacecraft system design.

FIG. 4 is a flow chart diagram of the disclosed method 400
for autonomous lithium-ion battery protection that follows
the switching process depicted in the system block diagrams
of FIGS. 1-3, in accordance with at least one embodiment of
the present disclosure. At the start 410 of the method 400, a
sensor continuously senses the voltage of the battery 420. A
processor continuously compares the voltage of the battery
with a preset voltage for the battery 430. Once the processor
determines that the voltage of the battery is below the preset
voltage, switch logic switches a very low resistance non-
electromagnetic actuator (NEA) switch to an open position to
disconnect the battery from a bus circuit, and switches a low
resistance relay switch to connect the battery to a dedicated
charging circuit 440. Once the processor determines that the
voltage of the battery exceeds the preset voltage, the switch
logic switches the relay switch to connect the battery to the
bus circuit 450 and, then, the method 400 ends 460.

FIG. 5 is a block diagram of the disclosed system 500 for
autonomous lithium-ion battery protection including a heater
590 for preheating of the battery 510 for charging, where the
switches 520, 530, 535 are in position for normal charging
and discharging of the battery 510, in accordance with at least
one embodiment of the present disclosure. The system 500 of
FIG. 5 employs an additional heater (Heater 1) 590 that is
used to protect the battery 510 from damage due to recharging
at excessively cold temperatures. As such, Heater 1 590 is
used to preheat the battery 510 prior to the battery 510 being
recharged. In this figure, the system 500 is shown to include
a battery 510, a spacecraft bus (i.e. a bus circuit) 540, switch
logic 550, a bus circuit switch (SW1) 520, two thermal
switches (TS1 and TS2) 530, 535, fuses 570, 575, diodes 580,
585, two heaters (Heater 1 and Heater 2) 590, 595, and a solar
array sting that is dedicated to a low rate of recharge (i.e. a
dedicated power source) 560.

In one or more embodiments, the battery 510 is a lithium-
ion battery. It should be noted that in some embodiments, the
system 500 employs a battery pack for the battery 510. Also,
it should be noted that in one or more embodiments, the
system 500 employs at least a portion of a solar array for the
dedicated power source 560. In at least one embodiment, one
or more strings of solar array cells are employed by the
system 500 for the dedicated power source 560. In at least one
embodiment, the battery 510, the switch logic 550, a proces-
sor (not shown), a voltage sensor (not shown), a temperature
sensor (not shown), the bus circuit switch (SW1) 520, the two
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6
thermal switches (TS1 and TS2) 530, 535, the fuses 570, 575,
the diodes 580, 585, and/or Heater 1 590 are housed together
in a single protection circuit unit. It should be noted that in
some embodiments, the processor (not shown), the voltage
sensor (not shown), and the temperature sensor (not shown)
are included in the switch logic 550.

During normal operation of the system 500, the battery 510
is connected to the bus circuit 540 to allow for the charging
and discharging of the battery 510 through the bus circuit 540.
The configuration of the switches 520, 530, 535 for normal
operation is as shown in FIG. 5. In this figure, the bus circuit
switch 520 is shown to be switched such that the battery 510
is connected to the bus circuit 540, and the thermal switches
530, 535 are both shown to be open such that the dedicated
power source 560 is not connected to the battery 510 or the
Heater 1 590. Also, during normal operation, Heater 2 595 is
powered by the bus circuit 540. Heater 2 595 is used to heat
the battery 510 in order to ensure that the battery 510 main-
tains a sufficient temperature for charging. In addition, during
normal operation of the system 500, the voltage sensor (not
shown)is continuously sensing the voltage of the battery 510.
Additionally, the processor (not shown) continuously com-
pares the sensed voltage of the battery 510 with a preset
voltage for the battery 510.

Once the processor (not shown) determines that the voltage
of'the battery 510 is below the preset voltage, the switch logic
550 switches the bus circuit switch 520 to disconnect the
battery 550 from the bus circuit 540. A temperature sensor
(not shown) continuously senses the temperature of the bat-
tery 550 to determine whether the battery 510 is too cold for
recharging. The processor (not shown) compares the sensed
temperature of the battery 510 with a threshold temperature
of the battery 510 for recharging. Once the processor (not
shown) determines that the temperature of the battery 510 is
below the threshold temperature for the battery 510, the
switch logic 550 switches the second thermal switch (TS2)
535 to disconnect the battery 510 from the dedicated power
source 560, if it is not already disconnected, and switches the
first thermal switch (TS1) 530 to connect Heater 1 590 to the
dedicated power source 560. Once the first thermal switch
(TS1)530 has been switched, Heater 1 590 reheats the battery
510 to a sufficient temperature for recharging. These switch
positions are illustrated in FIG. 6. In particular, FIG. 6 is a
block diagram of the disclosed system 500 for autonomous
lithium-ion battery protection including a heater 590 for pre-
heating of the battery 510 for charging, where the switches
520, 530, 535 are in position for the battery 510 being pre-
heated by the heater 590.

Once the processor (not shown) determines that the tem-
perature of the battery 510 exceeds the threshold temperature
for the battery, the switch logic 550 switches the first thermal
switch (TS1) 530 to disconnect Heater 1 from the dedicated
power source 560, and switches the second thermal switch
(TS2) 535 to connect the battery 510 to the dedicated power
source 560. Once the switches 530, 535 have been switched,
the dedicated power source 560 recharges the battery 510 by
providing a low rate of charge to the battery 510. The fuse 570
limits the current flow to the battery 510 to limit the charge
rate to the battery 510, and the diode 580 ensures that the
current flows towards the battery 510. These switch positions
are illustrated in FIG. 7. Specifically, FIG. 7 is a block dia-
gram of the disclosed system 500 for autonomous lithium-ion
battery protection including a heater 590 for preheating of the
battery 510 for charging, where the switches 520, 530, 535 are
in position for the battery 510 being charged by the dedicated
power source 560.
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After the processor (not shown) determines that the voltage
of'the battery exceeds the preset voltage, the switch logic 550
switches the switches 520, 530, 535 to the switch positions
illustrated in FIG. 5 for normal operation of the battery 510,
where the battery 510 is being normally charged and dis-
charged by the bus circuit 540.
It should be noted that in other embodiments, the switch
logic 550 is not used to switch the first thermal switch (TS1)
530 and the second thermal switch (TS2) 535. For these
embodiments, the switch logic 550 is only used to switch the
bus circuit switch 520. The first thermal switch (TS1) 530 and
the second thermal switch (TS2) 535 simply switch them-
selves open and closed when they sense the change in tem-
perature of the battery (or battery pack) 510 exceeds or is
below the threshold battery temperature.
In addition, it should be noted that in other embodiments,
the bus circuit switch 520 may be replaced by a very low
resistance non-electromagnetic actuator (NEA) switch con-
nected in parallel with a low resistance relay switch, similar to
the configuration of the NEA switch 102 and the relay switch
130 in the embodiment depicted in FIGS. 1-3.
FIG. 8 is a flow chart diagram of the disclosed method 800
for autonomous lithium-ion battery protection that follows
the switching process depicted in the system block diagrams
of FIGS. 5-7, in accordance with at least one embodiment of
the present disclosure. At the start 810 of the method 800, a
sensor continuously senses the voltage of the battery 820. A
processor continuously compares the voltage of the battery
with a preset voltage for the battery 830. Once the processor
determines that the voltage of the battery is below the preset
voltage, switch logic switches a bus circuit switch to discon-
nect the battery from the bus circuit 840.
A temperature sensor continuously senses the temperature
of the battery 850. A processor then compares the sensed
temperature of the battery with a threshold temperature of the
battery for recharging 860. Once the processor determines
that the temperature of the battery is below the threshold
temperature of the battery, the switch logic switches a second
thermal switch to disconnect the battery from a dedicated
power source, and switches a first thermal switch to connect
a battery heater to the dedicated power source 870. Once the
processor determines that the temperature of the battery
exceeds the threshold temperature of the battery, the switch
logic switches the first thermal switch to disconnect the bat-
tery heater from the dedicated power source, and switches the
second thermal switch to connect the battery to the dedicated
power source 880 for recharging and, then, the method 800
ends 890.
Although certain illustrative embodiments and methods
have been disclosed herein, it can be apparent from the fore-
going disclosure to those skilled in the art that variations and
modifications of such embodiments and methods can be
made without departing from the true spirit and scope of the
art disclosed. Many other examples of the art disclosed exist,
each differing from others in matters of detail only. Accord-
ingly, it is intended that the art disclosed shall be limited only
to the extent required by the appended claims and the rules
and principles of applicable law.
We claim:
1. An autonomous regulation method for a battery, the
method comprising:
sensing a voltage of the battery;
comparing, with a processor, the voltage of the battery with
a preset voltage for the battery; and

selectively controlling a very low resistance non-electro-
magnetic actuator (NEA) switch which is a one-time
switch to disconnect the battery from a bus circuit and,
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selectively controlling a low resistance relay switch to

connect the battery to a dedicated charging circuit, when

the processor determines that the voltage of the battery is

below the preset voltage,

wherein the sensing, comparing, and controlling operate
autonomously within the battery.

2. The method of claim 1, wherein the method further
comprises:

selectively controlling the relay switch to connect the bat-

tery to the bus circuit, when the processor determines
that the voltage of the battery exceeds the preset voltage.

3. The method of claim 1, wherein the dedicated charging
circuit comprises at least a portion of a solar array.

4. The method of claim 3, wherein the portion of the solar
array is at least one string of solar cells.

5. The method of claim 1, wherein the battery, the proces-
sor, the NEA switch, and the relay switch are housed together
in a single unit.

6. The method of claim 1, wherein the battery is on a
spacecraft.

7. The method of claim 1, wherein the battery is a lithium-
ion battery.

8. An autonomous regulation system for a battery, the
system comprising:

a sensor configured to sense a voltage of the battery;

a processor configured to compare the voltage of the bat-

tery with a preset voltage for the battery;

switch logic configured to switch a very low resistance

non-electromagnetic actuator (NEA) switch which is a
one-time switch to disconnect the battery from a bus
circuit, and configured to switch a low resistance relay
switch to connect the battery to a dedicated charging
circuit, when the processor determines that the voltage
of the battery is below the preset voltage,

wherein the sensing, comparing, and controlling operate

autonomously within the battery.

9. The system of claim 8, wherein the switch logic is further
configured to switch the relay switch to connect the battery to
the bus circuit, when the processor determines that the voltage
of the battery exceeds the preset voltage.

10. The system of claim 8, wherein the dedicated charging
circuit comprises at least a portion of a solar array.

11. The system of claim 10, wherein the portion of the solar
array is at least one string of solar cells.

12. The system of claim 8, wherein the battery, the sensor,
the processor, the switch logic, the NEA switch, and the relay
switch are housed together in a single unit.

13. The system of claim 8, wherein the battery is on a
spacecraft.

14. The system of claim 8, wherein the battery is a lithium-
ion battery.

15. An autonomous regulation method for a battery, the
method comprising:

sensing a voltage of the battery;

comparing the voltage of the battery with a preset voltage

for the battery;

selectively controlling a bus circuit switch to disconnect

the battery from a bus circuit when the voltage of the
battery is below the preset voltage;

sensing a temperature of the battery;

comparing the temperature of the battery with a threshold

temperature for the battery; and

selectively controlling a second thermal switch to discon-

nect the battery from a dedicated power source, and
selectively controlling a first thermal switch to connect a
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battery heater to the dedicated power source, when the

temperature of the battery is below the threshold tem-

perature,

wherein the sensing, comparing, and controlling operate
autonomously within the battery.

16. The method of claim 15, wherein the method further
comprises:

selectively controlling the first thermal switch to discon-

nect the battery heater from the dedicated power source,
and selectively controlling the second thermal switch to
connect the battery to the dedicated power source, when
the temperature of the battery exceeds the threshold
temperature.

17. The method of claim 15, wherein the dedicated power
source comprises at least a portion of a solar array.

18. The method of claim 17, wherein the portion of the
solar array is at least one string of solar cells.

19. The method of claim 15, wherein the battery, the bus
circuit switch, the first thermal switch, the second thermal
switch, and the battery heater are housed together in a single
unit.

20. The method of claim 15, wherein the battery is on a
spacecraft.

21. The method of claim 15, wherein the battery is a
lithium-ion battery.

22. An autonomous regulation system for a battery, the
system comprising:

a voltage sensor configured to sense a voltage of the bat-

tery;

at least one processor configured to compare the voltage of

the battery with a preset voltage for the battery;

switch logic configured to switch a bus circuit switch to

disconnect the battery from a bus circuit when the first
processor determines that the voltage of the battery is
below the preset voltage;

a temperature sensor configured to sense a temperature of

the battery;
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the at least one processor configured to compare the tem-
perature of the battery with a threshold temperature for
the battery;

a second thermal switch configured to disconnect the bat-
tery from a dedicated power source, when the second
processor determines that the temperature of the battery
is below the threshold temperature; and

a first thermal switch configured to connect a battery heater
to the dedicated power source, when the second proces-
sor determines that the temperature of the battery is
below the threshold temperature,
wherein the sensing, comparing, and controlling operate

autonomously within the battery.

23. The system of claim 22, wherein the first thermal
switch is further configured to disconnect the battery heater
from the dedicated power source, when the second processor
determines that the temperature of the battery exceeds the
threshold temperature; and the second thermal switch is fur-
ther configured to connect the battery to the dedicated power
source, when the second processor determines that the tem-
perature of the battery exceeds the threshold temperature.

24. The system of claim 22, wherein the dedicated power
source comprises at least a portion of a solar array.

25. The system of claim 24, wherein the portion ofthe solar
array is at least one string of solar cells.

26. The system of claim 22, wherein the battery, the voltage
sensor, the first processor, the second processor, the tempera-
ture sensor, the switch logic, the bus circuit switch, the first
thermal switch, the second thermal switch, and the battery
heater are housed together in a single unit.

27. The system of claim 22, wherein the battery is on a
spacecraft.

28. The system of claim 22, wherein the battery is a
lithium-ion battery.

29. The system of claim 22, wherein the at least one pro-
cessor configured to compare the temperature of the battery
with the threshold temperature for the battery is at least one
second processor.



